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In this work we presented a general strategy for the fabrication of membranes with well-defined ions 
transport channels through solvent-responsive layer-by-layer assembly (SR-LBL). Multilayered poly 
(diallyldimethylammonium chloride) (PDDA) and poly (acrylic acid) (PAA) complexes were first 
introduced on the inner pore wall and the surface of sulfonated poly (ether ether ketone) /poly (ether sulfone) 
(PES/SPEEK) nanofiltration membranes to form ions transport channels with tuned radius. This type of 
membranes are highly efficient for the separators of batteries especially vanadium flow batteries (VFBs): the 
VFBs assembled with prepared membranes exhibit an outstanding performance in a wide current density 
range, which is much higher than that assembled with commercial Nafion 115 membranes. This idea could 
inspire the development of membranes for other flow battery systems, as well as create further progress in 
similar areas such as fuel cells, electro-dialysis, chlor-alkali cells, water electrolysis and so on. 

Large-scale energy storage has attracted increasing interests due to its urgent need in grid management (load 
leveling and peak shaving), the grid reliability and utilization and the integration of renewable energy 
sources 1 " 3 . Among a wide range of energy storage technologies, vanadium flow battery (VFB) has a unique 
combination of high efficiency, high reliability, flexible design and long cycle life, which makes it an ideal 
candidate for large scale energy storage 4 " 6 . VFB, originally proposed by Maria Skyllas-Kazacos in 1985, consists 
of two electrolyte tanks with active species of vanadium ions in different valance states, two pumps and a battery 
cell 7 . A separator alternatively called membrane, as one of the key components of a VFB cell, is employed to 
prevent the cross mixing of the positive and negative electrolytes and complete the current circuit by transferring 
ions 8 . Currently, urgent needs are still in the fabrication of membrane separators for these batteries under the 
recognition that high-quality membranes with low cost are vital to achieve large-scale acceptable VFB systems 9 . 
Among these membranes, ions transport properties are the key factors in determining their final performance. 

Ions transport across membrane mainly depends on the unique features of nanoscale ions transport channels, 
e.g. the geometry and surface charge characteristics 10,11 . When channel dimensions are on the order of the Debye 
length, the surface characteristic of the channels plays a significant role in the ionic behavior 12 . Hence, to fabricate 
membranes with well-defined nanoscale ions transport channels via tuning its size and the surface characteristics 
is crucial to understand its structure-morphology-property relationships and ions transport mechanism. 

The layer-by-layer (LBL) assembly technique provides a versatile means to create polymeric thin films, 
allowing nanometer- scale control over the spatial distribution of ionized species within the membrane 13 " 16 . 
The principle of the LBL assembly technique is based on the alternate adsorption of oppositely charged species 
on the surface of substrates via electrostatic or hydrogen-bonding interactions 17 . Considerable efforts have been 
made to extend this technique to various materials such as porous membranes 1819 , light emitting polymers 20 , 
biopolymers and various inorganic particles 21 " 23 . Considering the excellent hydrophilicity of polyelectrolyte 
(PE) 24 , it could be possible to fabricate membranes with well-defined ions transport channels through introducing 
the PE layers on the inner pore wall and the surface of porous template membranes (Fig. la). However, the pore 



SCIENTIFIC REPORTS | 4:4016 | DOI: 1 0.1 038/srep0401 6 



1 




^ Negalitelv chirked PE» 



vo 2 * p vcv 

Positively charged PE* 




CI" 



.OH 



N 

Figure 1 | (a) Schematic principle of membranes with well-defined ions transport channels, (b) Schematic of the solvent- responsive layer-by-layer 
assembly process. 



size of the template membranes should be in the range of nanoscale 
to create ions transport channels with a proper controlled window of 
channel radius. Nanofiltration (NF) is a pressure driven membrane 
process involving pressures between 5 and 20 bars. The normal pore 
size of NF membranes is in the range of nanometers, thereby is 
suitable as porous template. Therefore, to introduce multilayered 
PEs in NF membranes could create "ions transport channels" with 
controlled size and electrostatic nature via adjusting the number and 
composition of PE layers. Compared to the membranes prepared by 
the conventional LBL method, these structures could effectively 
improve the ions conductivity of membrane on the basis of excellent 
ions selectivity. However, it is difficult to deposit PE layers through 
LBL method on the inner pore wall of NF membrane because of its 
too small pore size 25 . It is therefore of vital importance to tune the 
"open or close" state of pore structure of NF membrane to introduce 
the PE layers into its inner pore wall. 

Considering the different affinity between the polymer and solv- 
ent, the solvent can get into the polymer membrane to bring about 
different solubility when treating this membrane with different sol- 
vents 26 . In the view of thermodynamics, this process could allow 
small molecules to get into the polymer networks thus increase the 
distance between the polymer chains and weaken their twine to 
enhance their mobility, which leads to the change in free volume 



of these networks 27 . When numerous small molecular solvent gets 
into the inner structure of membrane, the polymer will come about 
the swelling or dissolving. Thus, it could tune the free volume of the 
polymer membrane via treating the membranes with proper solvent, 
here, we called solvent-responsive, therefore realizing the control of 
"open" or "close" state of the membrane pores. 

In this paper, we firstly introduce solvent-responsive layer-by- 
layer assembly (SR-LBL), which combines the well-known LBL 
assembly with solvation interactions, to fabricate membranes with 
defined ions transport channels. The ions transport channels of 
membranes are fabricated by depositing PE layers on the inner pore 
wall as well as the surface of polymer membranes after swelling in the 
solvent. It is expected that membranes fabricated by this method 
could exhibit excellent ions selectivity, because of the dramatically 
decreased pore size of membranes, while maintaining high ions con- 
ductivity, due to the improvement in hydrophilicity for membranes. 
The structure of membranes is characterized by field emission scan- 
ning electronic microscopy (FE-SEM), energy- dispersive X-ray spec- 
troscopy (EDS), transmission electronic microscopy (TEM) and 
atomic force microscopy (AFM). These results are correlated with 
the solubility parameters 28 " 30 to elucidate further the effect of swelling 
behavior on the ions transport performance of membranes. In par- 
ticular, the VFB performance of solvent- responsive multilayered 
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Figure 2 | Cross-section morphology (a) and distribution of charged groups (b) of prepared substrate membrane. 



membranes and their chemical stability are investigated. These 
results enable us to gain a deep understanding of the swelling beha- 
vior of membranes and provide a general method to fabricate mem- 
branes with well-defined ions transport channels. 

Results 

Cross-section morphology characterization of substrate mem- 
brane. To fabricate porous substrate with fixed charges for SR-LBL 
assembly, the negatively charged PES/SPEEK NF membranes were 
fabricated via a typical phase inversion method. Substrate mem- 
branes were prepared from a solution containing 28 wt% PES and 
7 wt% SPEEK in N,N-Dimethylacetamide and cast with a wet 
thickness of around 130 um. The cross-section morphology of 
substrate membrane was characterized with FE-SEM and TEM. 
The cross-section morphology of substrate membrane in Fig. 2a 
clearly shows a spongy structure. TEM was performed on the cross- 
section of substrate membrane after staining with [Pb(Ac) 2 ] 2+ to 
further investigate the distribution of negatively charged sulfonic 
groups from SPEEK. The dark spots of substrate membrane in 
Fig. 2b are ascribed to clusters formed by the interaction between 
[Pb(Ac) 2 ] 2+ and negatively charged sulfonic groups of SPEEK, 
showing the uniform distribution of charged SPEEK in the inner 
structure and enrichment on the surface. 

Swelling of the dry substrate membrane in different solvents. As 

seen in Fig. 3, a sequence for the swelling of the dry substrate mem- 
brane is in the order of isopropanol (IP A) > methanol > ethylene 
glycol (EG) > water. In this paper, methanol was firstly selected as 
swelling agent to treat the charged PES/SPEEK substrate membrane 
due to the fact that PDDA cannot be dissolved in IPA. 3, 5 and 7 
layers of PAA/PDDA were introduced in the pores and on the surface 
of substrate membranes to form ions transport channels. 

EDS and TEM analysis. The EDS and TEM measurements were 
carried out to confirm the channel structures. The nitrogen 
element content of membranes cross-section was initially detected 
by EDS to investigate the channel structures, since the characteristic 
element for PDDA/PAA multilayered membranes is nitrogen from 
PDDA. The weight percent of nitrogen element of membranes is 
summarized in Fig. 4a. The weight percent of nitrogen element of 
substrate membrane was zero, while the weight percent of nitrogen 
element of methanol-responsive multilayered membranes increased 
from 0.92% to 1.52% with the increasing PE layers, which confirms 
that the PE layers have been successfully introduced into the inner 
pore structure of membranes. To provide a better understanding of 
the PDDA/PAA multilayer distribution in the cross-section of 



membranes, methanol-responsive multilayered membranes were 
characterized using both TEM and EDS. TEM was performed on 
the cross-section of membranes after staining with [Pb(Ac) 2 ] 2+ to 
further investigate the distribution of negatively charged SPEEK and 
PAA (Fig. 4b). Compared with the initial PES/SPEEK porous 
substrate, the dark sports formed by interactions between 
[Pb(Ac) 2 ] 2+ and negatively charged sulfonic groups in membrane 
cross -sections disappeared after assembling multilayered PE in 
membranes pores. This is because the formed PDDA/PAA 
multilayer in the inner structure significantly lowered the net 
amount of the negatively charge density. Moreover, a top layer 
with a thickness of about 300 nm was clearly illustrated on the 
membrane surface. EDS map for methanol-responsive membrane 
with 5 PE layers further confirmed the existence of PDDA in the 
inner pore structure of methanol-responsive multilayered 
membranes (Fig. 4c and 4d). 

ATR-FTIR and SEM analysis. Similar to the well-known LBL 
assembly method, the newly introduced SR-LBL assembly method 
also introduces the PDDA/PAA multilayers on the surface of 
membranes except that it favors the deposition of the PDDA/PAA 
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Figure 3 | Swelling of the dry substrate membrane in water, EG, 
Methanol and IPA. 
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Figure 4 | (a) Weight percent of nitrogen element of substrate membrane and methanol-responsive multilayered membranes, (b) TEM image of 
methanol-responsive membrane with 5 PE layers, (c) FE-SEM cross-section image of methanol-responsive membrane with 5 PE layers used for (d) EDS 
mapping of N distribution, confirming the presence of PDDA in the inner pore structure. 



multilayers in the inner pores. In order to investigate the impact of 
the PDDA/PAA multilayers on the surface structure of membranes, 
the ATR-FTIR spectra were performed on substrate membrane and 
methanol-responsive multilayered membranes. The results were 
displayed in Fig. 5. Peaks at 2920 cm" 1 and 2850 cm" 1 are 
attributed to asymmetrical CH 2 and symmetrical CH 2 stretching of 
PDDA. The stretching peaks at 1750 cm" 1 are attributed to the C=0 
groups of PAA. The peaks clearly increase along with increasing PE 
layer number, confirming the existence of PDDA and PAA into the 
membrane structure. In addition, SEM was used as a supplemental 
technique to gain insight into the effect of the deposition of PDDA/ 
PAA multilayers on the surface structure of membranes. The surface 
morphologies reported in Supplementary Fig. SI show that the 
substrate membrane exhibits a smooth surface, while the surface of 
methanol-responsive multilayered membranes exhibit a increased 
roughness along with increasing number of PE layers. AFM was 
carried out to further investigate the surface roughness of the 
prepared membranes. The images given in Supplementary Fig. S2 
show that the average roughness of the membranes (Ra) increases 
from 6.854 nm to 8.888 nm after introducing 3 PE layers on the 
surface of the substrate membrane. Accordingly their surface 
porosity should increase as well with increasing the PE layer 
numbers, which possibly is beneficial to increase ions conductivity. 
These results indicate that PDDA/PAA multilayers have been 
successfully introduced on the surface of membranes, which is 
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Figure 5 | ATR-FTIR spectra of substrate membrane and methanol- 
responsive multilayered membranes. 



SCIENTIFIC REPORTS | 4:4016 | DOI: 1 0.1 038/srep0401 6 



4 




Substrate 3 layers 5 layers 7 layers 



Figure 6 | (a) VFB performance of methanol-responsive membranes with ■ 
with 7 PE layers vs. Nafion 115 under different current densities. 

consistent with those reported in the literature for multilayered PE 
complex based membranes 31 . 

Battery performance. We further study VFB performance of 
methanol-responsive multilayered membranes. Firstly, the 
methanol-responsive membranes with different PE layers were 
tested on the VFB as reported in Fig. 6a. The columbic efficiency 
(CE), which is defined as the ratio of a cell's discharge capacity 
divided by its charge capacity, increases dramatically from 83.7% 
to 95.1% along with the PE layers range from 0 PE layers to 7 PE 
layers. The voltage efficiency (VE), which is determined by the ratio 
of a cell's mean discharge voltage to its mean charge voltage, 
decreases a little along with the PE layer. Thus the energy 
efficiency (EE), which is one of the most important parameters, 
increases dramatically from 75.7% to 84.4% with increasing the PE 
layer. In this system, the overall VFB performance of methanol- 
responsive multilayered membranes is much better than that of the 
substrate membrane. 

The performance of VFB single cell assembled with methanol- 
responsive membrane with 7 layers of PEs under various current 
densities was also investigated. The result from Fig. 6b shows that 
the CE increases from 92.9% to 96.8% along with the current density 
increasing from 60 mA cm" 2 to 120 mA cm" 2 . This tendency is due 
to the less time required to finish a charge/discharge cycle at high 
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different PE layers, (b) VFB performance of methanol-responsive membrane 



current densities 32 . However, lower VE is observed with the increas- 
ing current densities due to the high overpotential and ohmic resist- 
ance at high current density 33 . In this system, much higher CE and EE 
than Nafion 115 were realized under comparable operating condi- 
tions with current densities range from 60 mA cm" 2 to 120 mA 
cm" 2 . This membrane exhibits EE of 81% at a current density of 
120 mA cm" 2 , which is much higher than that of commercial 
Nafion 115 membranes (EE 78.6%), confirming that membranes 
with well-defined ions transport channels and further well tuned 
VFB performance could be realized via SR-LBL assembly method. 

To investigate the chemical stability of the membrane with ions 
transport channels under the practical conditions, the charge/dis- 
charge cycle test at a current density of 120 mA cm" 2 was performed 
on the VFB assembled with methanol-responsive membrane with 7 
PE layers (Figure 7a). The single VFB cell showed stable performance 
after running for more than 100 cycles. The CE remained around 
96%, suggesting a low permeation rate of vanadium ions across 
membrane. The VE remained around 83%, indicating the membrane 
provided stable ions transport channels. In addition, SEM was per- 
formed on the membranes before and after the cycling test. Similar 
surface and cross-section morphologies shown in Fig. 7(b) -7(e) were 
found after the cycling test, confirming the excellent stability of the 
membranes with ions transport channels under the practical VFB 
conditions. 




Figure 7 | (a) Cycling performance of VFB assembled with methanol-responsive membrane with 7 PE layers at a current density of 120 mA cm" 2 . SEM 
image of methanol-responsive membrane with 7 PE layers: (b) initial surface morphology; (c) initial cross-section morphology; (d) surface morphology 
after the cycling test; (e) cross-section morphology after the cycling test. 
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Figure 8 | (a) Water flux at different pressure and their average pore size of substrate membrane and methanol-responsive multilayered membranes, (b) 
V0 2+ and (c) H + concentrations in the deficiency side of the diffusion cell with substrate membrane and methanol-responsive multilayered membranes. 



Discussion 

As one of the key factors to fabricate membranes with well-defined 
ions transport channels, solvent plays a significant role in adjusting the 
free volume or pore size of polymer membrane. Figure lb provides the 
principle of the SR-LBL process. Unlike the traditional LBL method, 
solvent was applied in our present study to swell the membrane for 
some time to open the pores and allow PE having enough space to be 
deposited. The trend of the swelling of the dry substrate membrane 
shown above can be explained by the difference in the solubility 
between polymers and solvents. The solubility parameter as defined 
by Hansen, who took into account the dispersive forces, the polar 
interactions and hydrogen bond, is also called the Hansen solubility 
parameter (HSP) 28 . The total solubility parameter is defined as 26 : 



+ K + 



Where 3 p , and (5 h are dispersive, polar, and hydrogen bonding 
solubility parameters, respectively. Solubility properties can be 
expressed using HSP with a three-dimensional coordinate system with 
axes d& 3 p , and 3^. The HSP coordinate of the solute is at the center of 
a sphere and the radius of the sphere, ,R 0 , shows the maximum dif- 
ference in affinity tolerable for complete solution to take place 28 . The 
relative energy difference (RED) has been defined according to equa- 
tion (2) and (3) 28 : 

CR a ) 2 = 4(<5 d i - d dl f + (5 p i - 5 vl f + 05m - 3 h2 ) 2 (2) 
KED = RJR 0 (3) 



The subscripts of 1 and 2 are for the solute and solvent, respect- 
ively. When RED < 1, the corresponding solvent can dissolve the 
polymer, whereas when RED > 1, the corresponding solvent cannot 
dissolve the polymer. Poorer solvents will have higher RED value. 
The HSP and R 0 for PES are 3 d = 19.6, 3 p = 10.8, 3 h = 9.2 and R 0 = 
6.2, respectively 26 . The HSP for solvents are obtained from the pub- 
lished work 34 . As listed in Supplementary Table SI, the sequence for 
RED for PES in different solvents is in the order of IPA < methanol 
< EG < water. Accordingly, the solubility of PES in the above four 
solvents is in the order of IPA > methanol > EG > water, which is 
consistent with the sequence of the swelling of dry substrate mem- 
brane above. 

To confirm that the pore size or the radius of ions transport 
channels could be tuned via changing the number of the deposited 



PE layers 35 , the average pore size of polymer membranes was inves- 
tigated via water permeability method. Fig. 8a shows the average pore 
size of substrate membrane and methanol-responsive multilayered 
membranes. It can be seen that the average pore size of membranes 
decreased as the number of deposited PE layers increased, which 
confirms the decreased pore size due to the deposition of PE layers 
on the inner pore wall of polymer membranes. As a result, the 
decreased average pore size of methanol-responsive membranes fur- 
ther lower their cross-mixing of vanadium ions and a higher CE can 
be obtained. Thus, membranes with well-defined "ions transport 
channels" could be realized via SR-LBL method. To further link ions 
transport channels structure of membranes with their selectivity, the 
permeability of V0 2+ and H + across the membranes was detected as 
shown in Fig. 8b and 8c. The linear of V0 2+ /H + concentration vs. 
time reflected the permeability of V0 2+ and H + across membranes 
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Figure 9 | Area resistance and contact angle of substrate membrane and 
methanol-responsive multilayered membranes. 



SCIENTIFIC REPORTS | 4:4016 | DOI: 1 0.1 038/srep0401 6 



6 




Water EG Methanol Water EG Methanol Water EG Methanol 

Figure 10 | VFB performance of methanol-responsive, EG-responsive and water-responsive membranes with 3 PE layers. 



with various PE layers. As expected, the slope of the line decreases 
with the increasing PE layer, indicating the decreased pore size with 
the increasing PE layer. Compared with vanadium ions, protons 
transport much faster for all the membranes, since the Stokes radius 
of vanadium ions is much larger than that of protons 36 ' 37 . 

The effect of the PE layers on the proton conductivity of mem- 
branes was conducted via the area resistance measurement displayed 
in Fig. 9. As expected, the area resistances of methanol-responsive 
membranes is slightly higher than that of substrate membrane due to 
the decreased pore size of methanol-responsive multilayered mem- 
branes, while the area resistance of methanol-responsive multi- 
layered membranes was nearly unchanged with the increasing PE 
layers. The nearly unchanged area resistance of methanol-responsive 
multilayered membranes can be explained by the combination of the 
improvement in hydrophilicity for membranes and the formed inter- 
connected ions transport channels. To investigate the hydrophilicity 
of resulted membranes, the contact angle of substrate membrane and 
methanol-responsive multilayered membrane was performed as 
shown in Fig. 9. Methanol-responsive multilayered membrane shows 
a lower contact angle than that of substrate membrane due to the 
excellent hydrophilicity of the PE, indicating a higher hydrophilicity 
of methanol-responsive multilayered membranes than that of sub- 
strate membrane. On the other hand, introducing the PE layers on 
the inner pore wall and the surface of membrane can form the inter- 
connected ions transport channels. These results demonstrated that 
the membranes with well-defined ions transport channels fabricated 
via the SR-LBL assembly method maintain high proton conductivity. 

To further confirm the availability of this SR-LBL assembly 
method, EG and water, which swell lower on substrate membranes, 
were selected as solvents. 3 PE layers based on a PES/SPEEK porous 
membrane treated with different solvents were fabricated and inves- 
tigated for VFB separators. As illustrated in Fig. 10, the CE of the 
membranes prepared from EG is 88.7%, while, the CE of 86.2% can 
be only obtained fabricated from water. The trend is consistent with 
the order of swelling of dry substrate membrane. The smaller differ- 
ence in the solubility between polymers and solvents gives rise to the 
more swelling of membranes, which favors the deposition of the PE 
layers on the inner pore wall of membranes and thus results in the 
significantly decreased pore size of membranes. The smaller pore size 
of membranes can effectively separate vanadium ions and protons to 
improve the CE of VFB. At the same time, the VE of VFB does not 
greatly vary with the increasing swelling, but almost keeps constant, 
which indicates that the pore wall characteristics does not dramat- 
ically change with the increasing swelling. These results confirm our 
idea that membranes with well-defined ions transport channels 
could be easily fabricated via SR-LBL assembly method. 

In summary, we have developed a general method for fabricating 
membranes with well-defined ions transport channels. The structure 
characterization of membranes suggests that swelling effect of solvent 



on membranes plays a significant role on the fabrication of solvent- 
responsive multilayered membranes. The excellent ions selectivity is 
mainly ascribed to the decreased pore size caused by the introduction 
of PE layers into the inner pore wall, while the high ions conductivity 
is mainly ascribed to the improvement in membranes hydrophilicity. 
As a result, the VFB single cell assembled with solvent- responsive 
multilayered membranes achieved an excellent battery performance 
at a wide current density range, thus the membranes prepared with 
SR-LBL can be considered very promising for VFB application. 
Moreover, membranes with well-defined ions transport channels fab- 
ricated using our general method can be extended to other related 
systems e.g. energy storage, fuel cells, and membrane separation. 

Methods 

Materials. Sulfonated poly (ether ether ketone) (SPEEK) was prepared by direct 
sulfonation of PEEK with sulfuric acid at 70°C for 2 h, as reported previously 38 . The 
degree of sulfonation, as obtained by X H NMR, is around 0.8 38 . Poly (ether sulfone) 
(PES), with viscosity of 0.58, was obtained from Changchun Jilin University Special 
Plastic Engineering Research. The N,N-Dimethylacetamide (DMAC), isopropyl 
alcohol (IPA), methanol and ethylene glycol (EG) were purchased from Tianjin 
Damao Chemical Reagent Factory. Poly (diallyldimethylammonium chloride) 
(PDDA; Mw = 200,000-350,000 g/mol) and Poly (acrylic acid) (PAA; Mw = 
3,000 g/mol) were obtained from Aladdin Chemistry Co. Ltd. 

Membrane matrix preparation. The PES/SPEEK NF membranes were prepared 
using phase inversion technique from a solution containing 28% wt PES and 7% wt 
SPEEK dissolved in DMAC. Then the solution was cast onto a clean glass plate at 
room temperature with humidity less than 40% to avoid the penetration of water 
vapor into the polymer solution. After evaporation for 10 s, the plate was immersed 
into water to form the PES/SPEEK porous membranes. The thickness of membranes 
was 130 ± 5 um. 

Solvent-responsive layer-by-layer assembly. PEs (PDDA and PAA) were dissolved 
in aqueous medium with a concentration of 2 wt%. Taking methanol as a swelling 
agent as an example. The PES/SPEEK porous membrane was first immersed in the 
methanol for 10 min to open the pores, then immersed in the solution of the 
cationic PE (PDDA) for 20 min and rinsed with water for 10 min. Afterward, the 
adsorption of the anionic PE (PAA) was similar to that of the cationic PE (PDDA) 
except the PE was alternated to the PAA. The described procedure was repeated to 
control the pore size via tuning the layer numbers (See Fig. lb). 

Scanning electronic microscopy and field emission scanning electronic 
microscopy (SEM and FE-SEM). The surface and cross-section morphologies of the 
prepared membranes were characterized by SEM (JEOL 6360LV, Japan) and 
FE-SEM (QUANTA 200FEG), respectively. The cross-section of membranes was 
obtained by breaking the membranes in liquid nitrogen. All the samples were gold 
coated before measurement. 

Energy-dispersive X-ray spectroscopy (EDS). The weight percent of nitrogen 
element (N) of membranes and N distribution were obtained using EDS (MODEL 
QUANTA 200FEG 132-10) attached to FE-SEM. 

Transmission electronic microscopy (TEM). The distribution of negatively 
charged groups on the cross-section of membranes was characterized by TEM (JEM- 
2000EX, JEOL). All the samples were stained with 0.5 M [Pb(Ac) 2 ] 2+ and fixed in 
epoxy before being cut into thin slice samples. 
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Attenuated total reflectance Fourier transform infrared spectroscopy (ATR- 
FTIR). The chemical structures of the prepared membranes were characterized by 
ATR-FTIR. The ATR-FTIR spectra were measured by JASCO FTIR 4100 
spectrometer. Each spectrum was recorded at the average rate of 48 scans with a 
resolution of 4 cm" 1 collected from 400 to 4000 cm" 1 in reflection mode. 

Atomic force microscopy (AFM). The membrane surface roughness of the prepared 
membranes was characterized by a Multimode AFM with a Nanoscope V controller 
(Veeco/Digital Instruments, Santa Barbara, USA). 

Swelling measurement. Swelling of the dry membrane in various solvent was 
measured to correlate interaction between the membrane materials and solvents. The 
wet membrane was firstly dried under vacuum at 100° C for 24 h and then immersed 
into different solvents at room temperature for 24 h. The swelling was calculated by 
the following equation: 

Swelling(%) = ^— - x 100 (4) 

Where L s is the length of the swollen membrane after treating in solvent, and L d is the 
length of the dry membrane. 

Contact angle. To measure the hydrophilic behavior of membrane, the contact angle 
of membrane was detected by using a contact angle measuring instrument (JC2001 A, 
China). The wet membrane was firstly dried under vacuum at 50°C for 12 h. 2 ul 
deionized water was dropped onto dry flat membrane surface and the image was 
frozen after 30 seconds for each test. 

Area resistance measurement. The area resistance of the membranes was measured 
by the method described in our previous study 39 . A conductivity cell was separated by 
a membrane into two compartments filled with 0.5 M H 2 S0 4 . The effective area of the 
membrane was 1 cm 2 . The electric resistance was recorded by electrochemical 
impedance spectroscopy (EIS) over a frequency range from 1 kHz to 1 MHz. The 
area resistance was calculated described as follows: 

r = (r 2 -ri)xs (5) 

where r 2 and r x were the electric resistance of the cell with and without a membrane 
respectively, and s is the effective area of the membrane. 

All the membranes were soaked in 0.5 M H 2 S0 4 for 1 day before measurement. 

Average pore size distribution. Average pore size distribution of membranes was 
investigated via water flux measurement, which is done in a stainless steel dead-end 
pressure cell with 19.6 cm 2 effective membrane area. After filling the water in the cell, 
the device was pressurized with nitrogen and then kept at a certain pressure. Permeate 
samples were collected in cooled flasks as a function of time, weighed and analyzed. 
The average pore size of membranes was calculated by the Hagen-Poiseuille 
equation 40 : 



Where /is the water flux, D is the average pores size, s is the porosity, x is the turtosity, 
nis the water viscosity, L is the average thickness of membranes, AP is the pressure 
difference across the membranes. 

Proton/vanadium permeability. Proton/vanadium permeability was measured by 
the diffusion cell as described elsewhere 8 . The left cell was filled with 1.5 M VOS0 4 in 
3 M H 2 S0 4 solution, while the right cell was filled with deionized water. Both sides 
were vigorously stirred to avoid concentration polarization. Samples from the right 
cell were collected at regular time intervals. The concentration of V0 2+ and H + was 
characterized by a UV-vis spectrometer (JASCO, FT-IR 4100, Japan) and a Sartorious 
meter, respectively. 

VFB single cell performance. A VFB single cell was assembled by sandwiching a 
membrane with two pieces of carbon felt electrodes, clamped by two pieces of polar 
plates. All these components were fixed between two pieces of stainless plates. The 
effective area of the membrane was 9 cm 2 . 30 mL 1.5 M V 2+ /V 3+ in 3.0 M H 2 S0 4 and 
30 mL 1.5 M V0 2+ /V0 2 + in 3.0 M H 2 S0 4 solutions, using as negative and positive 
electrolytes respectively, were cyclically pumped into the corresponding half-cell 
through airtight pine lines. The charge-discharge performance of the VFB was tested 
by Arbin BT 2000 with various current densities. The cell was charged to 1.65 V and 
discharged to 0.8 V for each charge- discharge cycle to avoid the corrosion of carbon 
felt electrodes and polar plates. 
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